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INTRODUCTION
The co-ordination action PV-Catapult, which is funded by the European Commission, aims to strengthen the European research area by furthering collaboration between different countries. As part of this project, a comparison of measurement approaches for indoor and outdoor calibration of photovoltaic devices has been set-up, which is reported upon here. This evaluation of the state of the art of different European research facilities will be the basis of an extended follow up programme.
This work was carried out in two steps, first a questionnaire was sent around to collect the specification of equipment and methodologies in use in the different labs and then two round-robin (RR) tests were set up, one for indoor measurement evaluation and one for outdoor measurement stations.
ROUND ROBIN SETUP
Two groups of five modules were sent around to the different laboratories for testing and data was pooled by Wroclaw for analysis by WrUT and CREST. Each group contained one module of the following categories: monocrystalline silicon (sc-Si), polycrystalline silicon (pcSi), triple junction amorphous silicon (a-Si), CopperIndium,Galium-Diselenide (CIGS) and Cadmium Telluride (CdTe). The modules in both batches were similar but not identical hence a direct comparison of the indoor and outdoor measurements cannot be achieved. These modules and their name-plate data are summarized in Table 1 . At different stages during the shipping, two modules were damaged. The CdTe module for the outdoor testing had to be replaced and the triple junction in the outdoor batch obtained a marked indentation during transport, which has been shown to affect the measurements reported on later in this paper.
The indoor data is used as supplied by the test laboratories. For each outdoor RR module for each testing station, the I-V curve measured outdoors under conditions closest to Standard Test Conditions irradiance and module temperature was corrected to STC for intercomparison. The corrections were made by irradiance for the current and by temperature for the voltage, using the following translation equations:
where I STC and V STC are the corrected values of the I MEAS and V MEAS current and voltage measurement points, GPOA is the measured in-plane irradiance in W/m 2 , TMOD is measured module temperature and β is the temperature coefficient of VOC in %/ºC. The temperature dependence of current could not be included in this study since the data required to determine this tempera-ture coefficient were not possible to extract over the short measurement periods of this RR for all sites.
PARTICIPATING SYSTEMS

Solar Simulators
There is a multitude of different solar simulators in the test. There are one steady state simulator (SS1) and six flash simulators (FS1-FS6) manufactured by Berger (FS3), Endeas (FS6), Pasan (FS1,FS2 & FS4) and Spire (FS5). Measurement approaches range from steady state, single flash to multi-flash with measurement durations between 2 and 10 ms. Most of the simulators use the as purchase electronics, with FS2 having specifically designed electronics. No spectral correction was available as spectral information was not delivered.
Outdoor Stations 1-6 (OS1-OS-6)
All these systems are purpose built systems, but not of any commercial manufacturer. The data used for analysis here is from the centralized collection, which uses the thermopile pyranometer measurement for irradiance, it should be noted that each lab also carried out their own analysis which varied slightly from the centralized one, but overall the trends are similar. It is expected that the analysis by the different stations will yield an even better agreement, given the increased level of understanding of the specific measurement systems.
A more detailed analysis of these systems will be published later this year on the 21 st European Photovoltaic Solar Energy Conference.
RESULTS
All modules were tested in the steady state solar simulator at the beginning and end of the RR. The average of these measurements is taken as the base-line in this report. The difference between these two measurements is shown in Figure 1 . All modules agree within two percent except for the a-Si, CdTe and pc-Si modules. The a-Si modules have a significant deviation in the short circuit current, which is due to the procedure employed to measure these multijunction devices: the ISC is calibrated outdoors, in order to minimize the effect of spectral discrepancies between the solar simulator spectrum and the AM1.5 required for calibration. The lamp power is then regulated to give the same ISC. The initial measurement was carried out in a different season to the final one, which resulted in differences in the ISC calibration, and it was noted that the standard deviation of the linear fit during the initial measurements was higher than what normally would be acceptable, but had to be accepted due to the rigorous time constraints. The reduction in the FF of the outdoor a-Si module is due to the transportation damage mentioned above. No particular explanation was found for the other modules outside the two percent range.
The first sample to be analysed is the high capacitance sc-Si sample. The measurements of the accredited laboratories have an agreement better than 2% with respect to the average. The research laboratories have a much more significant problem with calibrating these devices. One (FS-5) overestimates the power by 11% which largely is due to the overestimation of ISC (due to a lack of a matched reference cell and building work related dust) and the overestimation of VOC/FF (which is due to the lack of temperature control, which could not be corrected as no T-coefficient is known for this device). FS-6 also seems to suffer from a mismatched reference device, which explains the ISC variation. This laboratory also has the fastest data acquisition time, which explains the deviations in VOC and FF, as noticeable effects of the capacitance are experienced. Surprisingly, the variation between the outdoor laboratories is of equal quality to that of the steady state simulator, the standard deviation of all measurements is similar to that of the initial/final measurements. The most significant variation in the power measurements of OS1 and OS6 which measured late spring and winter respectively, which could explain the difference especially in ISC. The curves taken for analysis are the ones closest to STC, which means for OS1 that it will not be noon (early morning had sufficient irradiance and lower device temperatures) and thus reflection will be slightly higher, while OS6 will have had virtually perfect perpendicular angle of incidence to get anywhere near STC. There is one item of note for OS2, which in most cases estimates a higher than average ISC but also a lower than average FF. This is not an artifact of the measurement system but of the way the data is stored: This station logs the P-V curve rather than the I-V curve as the other stations. This means that there is a small round off error when the currents for low powers are extracted, which then propagates into the determination of the ISC. This high estimation then results in an underestimation of FF. The directly measured points VOC and PMPP are virtually identical with the average of all the others.
The agreement is even better for the pc-Si devices, as illustrated in Figure 3 . FS-5 has the same problems as before but to a lower extent, which reduces the difference to the average in the power measurements to less than 6%, FS6 is virtually on the average of all measurements. There is a slight variation in the ISC of about four percent, which is due to different reference cells being used. The agreement of outdoor measurements in the ISC is slightly better than that of the accredited solar simulators, which is slightly surprising because broadband measurements were used for the calibration. All power calibrations are within ±2%.
The picture changes for the CIGS sample, which has a relatively strong pre-conditioning effect on the measurement. It should be noted that this is not affecting the performance in realistic conditions, it is simply an added complication for the absolute calibration process. CIGS is the material with the least dependence on the spectrum, which shows in the best agreement of the indoor ISC determined, as shown in Figure 4 . There is a very drastic difference between the flash simulators and the steady state simulator, in the FF and VOC and subsequently the PMPP determination. This is a direct expression of the preconditioning, which can only be carried out correctly in a steady state solar simulator and thus this result can be seen as the most reliable. All other labs underestimate the power by as much as 10%, depending on how long the samples had been stored in darkness before measurement. This pre-conditioning is less of an issue for the outdoor test installations, and subsequently all laboratories actually measure the power higher than the average of the steady state simulator measurements. There is a slight difference between the laboratories which have their modules open circuited between the measurements and the laboratories which MPPT between measurements (OS1 & OS4) -the latter measure slightly higher power. Nevertheless, the variation of the power calibration between the outdoor laboratories is better than ±1.5%.
The CdTe sample is a wide band gap device, which shows the expected variation in the short circuit current of different lamp sources, as shown in Figure 5 . The high estimation of ISC by FS6 is somewhat negated by the low measurement of the FF, which in the end results in an agreement of the power calibration of ±2.75%.
The agreement of the power calibration demonstrates the same variation as the indoor calibration (±2.75%). The short circuit current is measured gener-ally higher than in the indoor measurements, as well as the VOC, while the FF is underestimated. Probably the most difficult device to calibrate is the triple junction device. The most significant effect is, as shown in Figure 6 , in the short circuit current. There will be a strong seasonal and weather dependence. Two systems (SS1, FS3) yield short circuit currents which are nearly 15% lower than the average, while two overestimate the power by the same amount FS5, FS6). This is then directly observed in the power measurements, with the FF somewhat negating the discrepancies. The systems measuring a low ISC measure a high FF, while the systems measuring a high ISC measure a low FF. This may be an effect of mismatched junctions within the triple junction ('shaded' systems tend to have higher FF).
The disagreement between the accredited laboratories is in the order of 14%, which is the largest between all laboratories.
The agreement between the outdoor stations is actually better than that between the indoor test stations. It is better than ±4.25% in the ISC and better than ±3.5% of the power calibration. The difference in the ISC is an effect of the seasonal variation of the spectral content of the incident irradiance. Surprisingly, given that all the systems are non-commercial, self-developed units the confidence limit for multijunctions seems to be narrower than for industrial equipment. This could be because the outdoor solar spectrum associated with data selected on the condition of irradiance close to 1000 Wm -2 is always closer to the AM1.5 standard than most solar simulator light sources. Thus the problems of appropriately matching the sub-cells is less of an issue.
CONCLUSIONS
Two round robins have been carried out throughout a number of European laboratories. It is clear that in the case of industrially available equipment (solar simulators), the methodology is absolutely crucial. Having good equipment alone does not guarantee a narrow uncertainty limit. The measurement agreement of the c-Si devices is very good between all accredited laboratories. The slightly less experienced laboratories using their equipment for research purposes are having to improve their methodology to match the accuracy of the accredited laboratories. The reference cell is absolutely crucial for accurate calibrations, even more so for samples with high band gaps (and thus narrow spectral response) and multi-junction devices. There is a clear need for further improvement in the treatment of thin film devices, to get a better agreement between the laboratories.
A rather surprising agreement has been found between the different outdoor test facilities. Although all these systems are one-off designs and much less established than commercial solar simulators, the agreement between the laboratories based on a simple and nonspecific approach, has been shown to be very good, with much reduced PV technology-related problems encountered. Thin-film devices will need to be researched in more detail, especially the effects of different operating strategies between the I-V measurements used for calibration purposes (i.e. open circuiting, MPPT or short circuiting), as some devices seem to have a dependence on this.
